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Abstract 
The process of assisted protein folding, characteristic of members of the heat shock protein 70 (Hsp70) and heat 
shock protein 40 (Hsp40) molecular chaperone families, is important for maintaining the structural integrity of 
cellular protein machinery under normal and stressful conditions. Hsp70 and Hsp40 cooperate to bind non-native 
protein conformations in a process of adenosine triphosphate (ATP)-regulated assisted protein folding. We have 
analysed the molecular chaperone activity of the cytoplasmic inducible Hsp70 from Trypanosoma cruzi 
(TcHsp70) and its interactions with its potential partner Hsp40s (T. cruzi DnaJ protein 1 [Tcj1] and T. cruzi DnaJ 
protein 2 [Tcj2]). Histidine-tagged TcHsp70 (His-TcHsp70), Tcj1 (Tcj1-His) and Tcj2 (His-Tcj2) were over-
produced in Escherichia coli and purified by nickel affinity chromatography. The in vitro basal specific ATP 
hydrolysis activity (ATPase activity) of His-TcHsp70 was determined as 40 nmol phosphate/min/mg protein, 
significantly higher than that reported for other Hsp70s. The basal specific ATPase activity was stimulated to a 
maximal level of 60 nmol phosphate/min/mg protein in the presence of His-Tcj2 and a model substrate, reduced 
carboxymethylated α-lactalbumin. In vivo complementation assays showed that Tcj2 was able to overcome the 
temperature sensitivity of the ydj1 mutant Saccharomyces cerevisiae strain JJ160, suggesting that Tcj2 may be 
functionally equivalent to the yeast Hsp40 homologue (yeast DnaJ protein 1, Ydj1). These data suggest that Tcj2 
is involved in cytoprotection in a similar fashion to Ydj1, and that TcHsp70 and Tcj2 may interact in a 
nucleotide-regulated process of chaperone-assisted protein folding.  
1. Introduction 
Molecular chaperones are catalysts in the folding process, in the sense that they do not actively fold proteins, but 
rather assist folding by preventing non-productive or aggregation reactions and do not constitute part of the final 
protein structure (Fink, 1999). One of the widely studied chaperone systems in the cell is the heat shock protein 
70 (Hsp70)/heat shock protein 40 (Hsp40)-mediated protein folding cycle. Chaperone-mediated folding by Hsp70 
and Hsp40 is cyclical in nature and controlled by adenosine triphosphate (ATP) ( Mayer et al., 2000). The affinity 
of Hsp70 for substrate is governed by the binding and hydrolysis of ATP. ATP-bound Hsp70 has a lower affinity 
for protein substrate, than when ADP-bound ( Hiromura, Yano, Mori, Inoue, & Kido, 1998). Hsp40 binds to the 
ATPase domain of Hsp70 and stimulates the hydrolysis of ATP to ADP. The ADP-bound Hsp70 undergoes a 
conformational change, resulting in an increase in affinity for the protein substrate and tight binding of the protein 
to the substrate-binding domain of Hsp70. The regeneration of the ATP bound form of Hsp70 by nucleotide 
exchange results in a drop in affinity for the substrate and hence release of the substrate protein to fold correctly 
or re-enter the folding cycle ( Fink, 1999 and Mayer et al., 2000).Trypanosoma cruzi is the causative agent of the 
parasitic Chaga’s disease (American trypanosomiasis). Trypanosomal Hsp70 proteins have been identified in the 
cytoplasm, mitochondria and endoplasmic reticulum (Krautz, Peterson, Godsel, Krettli, & Engman, 1998). We 
focus on the investigation of the cytoplasmic, inducible Hsp70 (henceforth referred to as TcHsp70). Five 
trypanosomal Hsp40 co-chaperones located in the cytoplasm (T. cruzi DnaJ proteins 1–4 and 6: Tcj1, Tcj2, Tcj3, 
Tcj4 and Tcj6) (Salmon, Montero-Lomeli, & Goldenberg, 2001; Tibbetts, Jensen, Olson, Wang, & Engman, 
1998) and a mitochondrial Hsp40 ( Carreira et al., 1998) have also been described. All of the T. cruzi Hsp40 
proteins are classified as Hsp40 homologues since they all contain the J domain that is important for interaction 
with an Hsp70 partner protein. Tcj2, Tcj3 and Tcj4 are Type I Hsp40 homologues since they contain the J 
domain, glycine/phenylalanine (G/F) rich region and cysteine repeat regions characteristic of the E. coli Hsp40 
homologue, DnaJ. Tcj6 is a Type II Hsp40 homologue since it contains the J domain and G/F rich regions but not 
the cysteine repeat region, while Tcj1 is a Type III Hsp40 homologue since it only contains the J domain. Olson 
et al. (1994) reported that TcHsp70 has an extremely high ATPase activity, approximately 100 times greater than 
that of human Hsp70. TcHsp70 has been identified as being inducible on heat shock of the parasite, such as when 
it moves from its insect vector (26 °C) to its mammalian host (37 °C; Krautz et al., 1998) and has been identified 
as one of the immunodominant antigens in patients infected with T. cruzi (Arif, Gao, Davis, & Helm, 1999; 
Krautz et al., 1998 and Skeiky et al., 1995) and to be capable of stimulating the immune response ( Planelles, 
Thomas, Alonso, & Lopez, 2001). TcHsp70 was shown to stimulate cell proliferation in mice cells, resulting in 
apoptosis and cell death ( Maranon, Planelles, Alonso, & Lopez, 2000). Factors such as these suggest a potential 
cytoprotective role for TcHsp70. Parasitic Hsps have also been identified as having potential roles in 
inflammation, antigen processing via the MHC Class I and Class II systems, receptor-mediated endocytosis and 
processing of host proteins ( Krautz et al., 1998 and Polla, 1988). Most of the research conducted on the T. cruzi 
Hsp70 and Hsp40 proteins to date deals with the individual characteristics and cell biology of the two families, 
with little reported on the possible interaction between the trypanosomal Hsp70 and Hsp40 proteins. In this paper 
we present an analysis of the ATPase activity of TcHsp70, and the stimulation of this activity by potential partner 
Hsp40 co-chaperones (Tcj1 and Tcj2) and model substrates. In addition, we provide evidence that Tcj2 may be 
functionally equivalent to a yeast Hsp40 homologue (yeast DnaJ protein 1, Ydj1).  
2. Methods and materials 
2.1. Strains and constructs 
Trypanosomal Hsps were over-produced in Escherichia coli BL21(DE3) (hsdS gal [λcIts 857 ind1 Sam7 nin5 
lacUV5-T7 gene 1]), E. coli BL21(DE3) (pLysS), Saccharomyces cerevisiae JJ160 (MATa trp1-1 ura3-1 leu2-
3,112 his3-11,15 ade2-1 can1-100 GAL2+ met2-∆1 lys2-∆2 ydj1::HIS3) and S. cerevisiae WY26 (MATα trp1-1 
ura3-1 leu2-3,112 his3-11,15 ade2-1 can1-100 GAL2+ met2-∆1 lys2-∆2 sis1::LEU2 [SIS1 on the YCp50-based 
plasmid pYW17]). The bacterial expression vectors pET14b/TcHsp70 (AMPR selectable marker) and 
pET28a/Tcj2 (KANR selectable marker) were used for the production of His-TcHsp70 and His-Tcj2 in E. coli 
BL21(DE3), respectively. The bacterial expression vector pET23b/Tcj1 (AMPR selectable marker) was used for 
production of Tcj1-His in E. coli BL21(DE3) (pLysS). The bacterial expression constructs were kindly provided 
by Dr. D. Engman (Northwestern University Medical School, Chicago, USA). The coding regions of Tcj2 and 
Tcj3 were amplified from the pET vector constructs using the EXPAND™ High Fidelity PCR system (Roche, 
Germany) and used to generate S. cerevisiae expression constructs derived from pKG6 (URA3 selectable marker; 
S. cerevisiae JJ160 host) and pKG4 (TRP1 selectable marker; S. cerevisiae WY26 host): pKG6/Tcj2 (EcoRI and 
XhoI insertion), pKG/Tcj3 (EcoRI and BamHI insertion), pKG/Tcj2 (EcoRI and BamHI insertion). Control 
plasmids pRS317-YDJ1 (LYS2 selectable marker) and pYW98-SIS1 (TRP1 selectable marker) were used for 
production of Ydj1 and Sis1 proteins in S. cerevisiae strains JJ160 and WY26, respectively. S. cerevisiae strains 
and control plasmids were a kind donation of Dr. E.A. Craig (University of Wisconsin, Madison, USA) (Johnson 
& Craig, 2001 and Yan & Craig, 1999).  
2.2. Purification of His-tagged proteins 
His-TcHsp70, His-Tcj2 and Tcj1-His were purified by nickel affinity chromatography, using native or 
combination of denaturing/native procedures. Protein production was induced in E. coli transformants by addition 
of isopropyl-β- -thiogalactopyranoside to a final concentration of 1 mM. After 5 h at 37 °C with shaking, the 
culture was harvested by centrifugation (5000×g at 4 °C for 15 min). For purification of His-TcHsp70 and Tcj1-
His, the cell pellet was resuspended in Denaturing Lysis Buffer (5 ml; 40 mM Tris–HCl, pH 8.0; 8 M urea; 
100 mM NaCl; 10 mM imidazole). For the purification of His-Tcj2, the cell pellet was resuspended in Native 
Lysis Buffer (5 ml; 40 mM Tris–HCl, pH 8.0; 100 mM NaCl; 10 mM imidazole) and cell lysis achieved by 
lysozyme (100 µg/ml) treatment for 1 h and sonication (30 s bursts for 5 min) at 4 °C. Insoluble cell debris was 
removed by centrifugation (10,000×g for 15 min at 4 °C) and the supernatant (cleared lysate) added to 50% slurry 
of nickel-charged chelating Sepharose resin (1 ml). The mixture was gently agitated at room temperature for at 
least 1 h. For His-TcHsp70 and Tcj1-His purification, the resin was collected by centrifugation (1000×g for 
1 min) and washed once or twice with Denaturing Lysis Buffer (40 mM Tris–HCl, pH 8.0; 8 M urea; 100 mM 
NaCl; 10 mM imidazole) and two or three times with Native Wash Buffer 1 (40 mM Tris–HCl, pH 8.0; 100 mM 
NaCl; 100 mM imidazole). Proteins bound to the resin were eluted three times by addition of Native Elution 
Buffer (1 ml; 40 mM Tris–HCl, pH 7.5; 100 mM NaCl; 1 M imidazole). For purification of His-Tcj2, the resin 
was loaded in a 10 ml syringe, plugged with glass wool. The flow through was collected and the resin washed 
twice with Native Wash Buffer 1 (40 mM Tris–HCl, pH 8.0; 100 mM NaCl; 100 mM imidazole) and twice with 
Native Wash Buffer 2 (40 mM Tris–HCl, pH 8.0; 200 mM NaCl; 200 mM imidazole). Proteins bound to the resin 
were eluted with three column volumes of Native Elution Buffer (1 ml; 40 mM Tris–HCl, pH 7.5; 100 mM NaCl; 
1 M imidazole). All fractions collected were analysed by discontinuous sodium dodecyl sulphate–polyacrylamide 
gel electrophoresis (SDS–PAGE) and proteins visualised by Coomassie Brilliant Blue staining (Laemmli, 1970). 
Protein concentration was determined by Bradford’s assay ( Bradford, 1976). Aliquots (50 µl) containing 
sufficient pure proteins as determined by SDS–PAGE and Bradford’s Assay were analysed for the presence of 
large (500 nm) and small soluble (350 nm) aggregates using spectrofluorimetry prior to storage at −70 °C until 
use (Kundu & Guptasarma, 1999).  
2.3. In vitro ATPase assays 
Protein preparations used were at least 80% pure, soluble and free of aggregates. ATP hydrolysis by His-TcHsp70 
was measured using a modified version of the ascorbate/molybdate colorimetric assay to detect the release of 
inorganic phosphate during the reaction (Chamberlain & Burgoyne, 1997). His-TcHsp70 (0.4 µM) was 
equilibrated at 37 °C in ATPase buffer (10 mM Hepes, pH 7.4; 10 mM MgCl2; 20 mM KCl; 0.5 mM DTT) before 
the addition of ATP (600 µM) to start the reaction. Samples (50 µl) were removed at regular time intervals and 
added to an equal volume (50 µl) of 10% SDS in a 96-well microtitre plate. A standard curve was prepared using 
potassium hydrogen phosphate and colorimetric detection of phosphate in samples and standard solutions was 
achieved by addition of 1.25% ammonium molybdate in 6 M sulphuric acid (50 µl), followed by 9% ascorbic acid 
in triple distilled water (50 µl). The reactions were incubated at room temperature for 30 min with gentle agitation 
and the A660 measured. The effect of the potential co-chaperones (Tcj1-His and His-Tcj2) and a model Hsp70 
substrate (reduced carboxymethylated α-lactalbumin, RCMLA) on the basal ATPase activity of His-TcHsp70 was 
determined by the addition of either Tcj1-His or His-Tcj2 at submolar (0.2 µM), equimolar (0.4 µM) and molar 
excess (0.8 µM) concentrations, or RCMLA (2 µM), or a combination of these. The purified bovine Hsc70 used 
in the ATPase assays for comparative purposes was a gift of Dr. M.E. Cheetham (UCL, UK).  
2.4. In vivo complementation assays 
Single transformants of S. cerevisiae JJ160[pKG6/Tcj2], S. cerevisiae JJ160[pKG6/Tcj3], S. cerevisiae 
JJ160[pKG6] (negative control) and S. cerevisiae JJ160[pRS317-YDJ1] (positive control) were used to inoculate 
the corresponding yeast minimal medium (YMM galactose [URA− HIS−] for S. cerevisiae JJ160 containing pKG6 
constructs; and YMM galactose [LYS− HIS−] for pRS317-YDJ1) (5 ml) and grown at 23 °C with shaking for 3 
days. Cultures were corrected to the same A600 and 10-fold serial dilutions (100 to 10−5) prepared, an aliquot 
(10 µl) of which was spotted on to the correct selective minimal agar for growth and protein expression (YMA 
galactose [URA− HIS−] for S. cerevisiae JJ160 containing pKG6 constructs; and YMA galactose [LYS− HIS−] for 
pRS317-YDJ1). Separate plates were prepared for incubation at 25, 30 and 34 °C for 5 days. Single transformants 
of S. cerevisiae WY26[pKG4/Tcj2], S. cerevisiae WY26[pKG4] (negative control) and S. cerevisiae 
WY26[pYW98-SIS1] (positive control) were used to inoculate yeast minimal medium (5 ml) (YMM galactose 
[TRP− LEU−]) and grown at 30 °C with shaking for 3 days. Cultures were corrected to the same A600, 10-fold 
serial dilutions (100 to 10−5) prepared and aliquots (10 µl) of each of the dilutions spotted on to selective minimal 
agar for growth and protein expression (YMA galactose [TRP− LEU−] with and without 0.5% 5-fluroorotic acid). 
Plates were incubated at 30 °C for 5 days. All yeast growth was recorded using digital photography.  
2.5. Detection of Tcj2 in S. cerevisiae cultures 
The production of Tcj2 in transformed S. cerevisiae strains JJ160 and WY26 was monitored by 
chemiluminescence-based Western analysis using an antibody designed specifically to a predicted continuous C-
terminal epitope of Tcj2. Tcj2 amino acid sequence was analysed using the algorithms of Karplus and Schultz 
(1988), Hopp and Woods (1981), Kyte and Doolittle (1982), Emini, Hughes, Perlow, and Boger (1985) and 
Jameson and Wolf (1988) to determine which regions along the sequence could represent potential epitopic 
regions and could be used for the synthesis of antibodies to untagged Tcj2. Potential amino acid sequences for 
peptide-directed antibody synthesis were selected and a BLAST search ( Altschul et al., 1997) performed to 
ensure they were unique and specific to the target protein. The synthesis of the antibody to the predicted 
continuous epitope N---CHLSETNIDKEKEAK---C of Tcj2 was performed by Dr. Nastainczyk, in the laboratory 
of Professor R. Zimmerman (Universität des Saarlandes, Germany). This region fulfils all the criteria of an 
antigenic region, being hydrophilic, flexible and surface exposed. The peptide was synthesised and coupled via 
the N-terminal cysteine to haemocyanin by a bifunctional linker and a rabbit immunised with this peptide–hapten 
complex to generate antibodies. Serum was collected prior to immunisation and at weekly intervals post 
immunization for 8 weeks. Serum was used directly as primary antibody at a 1 in 10000 dilution for Western 
analysis and chemiluminescence-based immunodetection of Tcj2.  
2.6. Sequence analysis 
Primary amino acid sequences for Tcj2 (AAC18895) and Ydj1 (CAA39910) were obtained from the NCBI 
Website at http://www.ncbi.nlm.nih.gov/Entrez using the Entrez browser. All alignments were performed using 
ClustalW (Corpet, 1988) and manual alignment.  
3. Results 
3.1. Basal ATPase activity of His-TcHsp70 and effect of potential co-chaperones and model 
substrate 
His-TcHsp70, Tcj1-His and His-Tcj2 were purified from E. coli using nickel affinity chromatography (Fig. 1). 
The purified protein preparations were found to be soluble and free of large and small aggregates (data not 
shown). The steady state basal ATPase activity of His-TcHsp70 was monitored in vitro by assessing ATP 
hydrolysis as measured by release of phosphate over time. Initial velocities of the reactions were calculated and a 
specific activity (nmol Pi/min/mg His-TcHsp70) calculated. Our findings indicated that His-TcHsp70 had a basal 
specific ATPase activity of approximately 40 nmol Pi/min/mg and that this activity was a result of the presence of 
active His-TcHsp70, as a thermally denatured sample of His-TcHsp70 displayed no activity (Fig. 2). The basal 
ATPase activity of TcHsp70 was not influenced by the presence of a model protein substrate, RCMLA. Tcj1-His 
did not appear to stimulate the ATPase activity of His-TcHsp70 to a significant level (Fig. 3, top panel). Tcj1-His 
alone, or in the presence of RCMLA, did not display ATPase activity. A slight stimulation of His-TcHsp70 
ATPase activity was observed at submolar and equimolar concentrations of Tcj1-His. There was no stimulation 
when His-TcHsp70 and Tcj1-His are combined in a 1:2 concentration ratio. Similarly, there was no stimulation of 
the ATPase activity of His-TcHsp70 by Tcj1-His at any concentration in the presence of RCMLA. No significant 
stimulation of the basal ATPase activity of His-TcHsp70 was observed in the presence of His-Tcj2 when supplied 
at submolar concentrations, in the presence or absence of RCMLA (Fig. 3, bottom panel). His-Tcj2 stimulated the 
basal ATPase activity of His-TcHsp70 when it was supplied at equimolar and molar excess concentrations. The 
stimulation of the basal specific ATP hydrolysis activity of His-TcHsp70 by His-Tcj2 was increased by the 
presence of RCMLA, to the maximal stimulation of 60 nmol Pi/min/mg. As a control experiment we assayed the 
basal specific ATPase activity of purified bovine Hsc70 under our conditions and determined a value of 1.2 nmol 
Pi/min/mg (Table 1). The basal specific ATPase activity of Hsc70 was found to be stimulated significantly (14-
fold) in the presence of equimolar amounts (0.4 µM) of His-Tcj2 (Table 1), while no significant stimulation of the 
basal activity was found in the presence of Tcj1-His.  
 
 
 
 
Fig. 1. 
Purification of trypanosomal Hsps. SDS–PAGE analysis of His-tagged trypanosomal proteins purified from E. coli by nickel affinity 
chromatography. Numbers to the right of the SDS–PAGE panels indicate the subunit molecular mass of the corresponding protein 
bands. Lane M, molecular mass markers. The purification outcome shown here was a typical result, and this result was achieved 
reproducibly for a number of batches.  
  
 
Fig. 2. 
Basal ATPase activity of His-TcHsp70 in the presence and absence of RCMLA. The in vitro ATPase activity of His-TcHsp70 was 
monitored by colorimetric detection of the release of inorganic phosphate from ATP hydrolysis. The results are standardized for the 
spontaneous degradation of ATP. b indicates thermally denatured His-TcHsp70. The data points were determined from triplicate 
ATPase activity measurements for at least three independent batches of purified protein. The bars represent standard deviations.  
 
 
Fig. 3. 
Effect of Tcj1-His and His-Tcj2 on the basal ATPase activity of His-TcHsp70. The effect of the potential co-chaperones Tcj1-His and 
His-Tcj2 on the basal ATPase activity of His-TcHsp70 was determined in the absence and presence of RCMLA using the colorimetric 
detection of the release of inorganic phosphate from ATP hydrolysis. Results are standardized for the spontaneous degradation of ATP. 
b indicates thermally denatured His-TcHsp70. The data points were determined from triplicate ATPase activity measurements for at 
least three independent batches of purified protein. The bars represent standard deviations.  
 
  
 
 
3.2. Yeast complementation studies 
The ability of Tcj2 to complement for the absence of the Type II yeast Hsp40 Sis1, was investigated using the S. 
cerevisiae sis1 mutant strain WY26. Sis1 is an essential Hsp40 in yeast and thus the S. cerevisiae strain WY26 
contains the plasmid pYW17 encoding the SIS1 gene and a URA3 marker for viability. S. cerevisiae WY26 can 
be cured of pYW17 by growth in the presence of 5-fluoroorotic acid (5-FOA), a toxic uracil analogue, leading to 
death of the cells, in the absence of wild type Sis1 or a Sis1 functional equivalent. Lethality on 5-FOA is rescued 
by the presence of Sis1 functional equivalents or the control plasmid pYW98-SIS1, encoding wild type Sis1. 
Serial dilutions of cultures of S. cerevisiae WY26[pKG4] (negative control), S. cerevisiae WY26[pYW98-SIS1] 
(positive control) and S. cerevisiae WY26[pKG4/Tcj2] were plated on to selective plates without 5-FOA and with 
5-FOA and incubated at 30 °C. In the absence of 5-FOA all of the transformants, S. cerevisiae WY26[pKG4] 
negative control, S. cerevisiae WY26[pYW98-SIS1] positive control and S. cerevisiae WY26[pKG4/Tcj2], were 
capable of growth (Fig. 4, left panel) which in this case was being supported by the presence of the pYW17 
plasmid encoding wild type Sis1. In the presence of 5-FOA (Fig. 4, right panel), S. cerevisiae WY26 was cured of 
the pWY17 plasmid, allowing for the presence of the test plasmids (pKG4 and pKG4/Tcj2) to be evaluated for 
their ability to support growth. The negative control vector transformed strain S. cerevisiae WY26[pKG4] did not 
grow in the presence of 5-FOA. The positive control transformed strain S. cerevisiae WY26[pYW98-SIS1] was 
only capable of supporting growth at low dilutions in the presence of 5-FOA. S. cerevisiae WY26[pKG4/Tcj2] 
was not capable of growth in the presence of 5-FOA and resembled the negative control.  
 
  
Fig. 4. 
Analysis of the ability of Tcj2 to functionally replace Sis1 in the sis1 mutant strain S. cerevisiae WY26. The ability of Tcj2 to 
complement for the absence of the yeast Type II Hsp40, Sis1, was tested using the sis1 mutant S. cerevisiae strain WY26. Serial 
dilutions of S. cerevisiae WY26 transformants (shown to the right of the figure) were plated on to (left panel) yeast minimal medium 
without 5-FOA (YMM galactose [LEU− TRP−]) to detect normal growth and (right panel) yeast minimal medium (YMM [LEU− TRP−]) 
supplemented with 0.1% 5-FOA, to select for plasmids capable of supporting the growth of S. cerevisiae WY26. Only cells expressing 
wild type Sis1 or functional equivalents are capable of growth in the presence of 5-FOA. The plasmids introduced into the S. cerevisiae 
WY26 are indicated above each panel indicating the growth pattern for each transformant. The complementation experiment was 
conducted at least twice and found to give consistent results.  
 
Temperature-sensitive S. cerevisiae ydj1 mutant strain JJ160 was used to investigate the ability of either Tcj2 or 
Tcj3 to functionally complement for the Type I yeast Hsp40, Ydj1. The control plasmid pRS317-YDJ1 encoding 
wild type Ydj1 and other plasmids encoding functional equivalents and homologues of Ydj1 rescue the 
temperature sensitivity of S. cerevisiae JJ160 and allow growth at temperatures (30 and 34 °C) above the 
permissive temperature (23 °C). Fig. 5 shows that growth of all the transformants (S. cerevisiae JJ160[pRS317-
YDJ1] positive control, S. cerevisiae JJ160[pKG6] negative control, S. cerevisiae JJ160[pKG6/Tcj2] producing 
Tcj2 and S. cerevisiae JJ160[pKG6/Tcj3] producing Tcj3) occurred at the permissive temperature of 23 °C (Fig. 
5, left panel). At this temperature S. cerevisiae JJ160 did not require Ydj1 to survive. However, raising the 
temperature (analogous to a heat shock) has been shown to result in the death of S. cerevisiae JJ160, unless Ydj1 
or a functional equivalent is present. Growth of S. cerevisiae JJ160[pKG6], the vector transformed negative 
control strain, was impaired at 30 °C and completely absent at 34 °C (Fig. 5, middle and right panels, 
respectively). S. cerevisiae JJ160[pRS317-YDJ1], the positive control strain producing Ydj1, was able to grow at 
30 °C but unable to grow at 34 °C. S. cerevisiae JJ160[pKG6/Tcj3] strain producing Tcj3 was not able to survive 
at 34 °C and showed impaired growth at 30 °C. The growth pattern of S. cerevisiae JJ160[pKG6/Tcj3] resembled 
that of the negative control, S. cerevisiae JJ160[pKG6]. S. cerevisiae JJ160[pKG6/Tcj2] producing Tcj2 was able 
to survive at 30 and 34 °C even at a dilution of 10−5, supporting growth better than the positive control. The 
production of Tcj2 in S. cerevisiae JJ160[pKG6/Tcj2] was confirmed by Western analysis using the Tcj2 specific 
antibody (Fig. 6). Purified His-Tcj2 (3 µg) was used as a positive control and to make a preliminary examination 
of the levels of expression of Tcj2 in S. cerevisiae JJ160[pKG6/Tcj2]. Tcj2 was detected in the protein extract 
prepared from S. cerevisiae JJ160[pKG6/Tcj2] cells. The levels of protein detected were significantly lower than 
that in the purified sample. Tcj2 was not detected as a predominant protein band on SDS–PAGE analysis of the 
protein profile of S. cerevisiae JJ160[pKG6/Tcj2] compared to that of S. cerevisiae JJ160.  
  
Fig. 5. 
Analysis of the ability of Tcj2 and Tcj3 to functionally replace Ydj1 in the ydj1 mutant strain S. cerevisiae JJ160. The ability of either 
Tcj2 or Tcj3 to complement for the absence of the yeast chaperone Ydj1 was analysed using the ydj1 mutant S. cerevisiae strain JJ160. 
Serial dilutions (shown to the right) of overnight cultures of S. cerevisiae JJ160 transformants were plated on to selective media (YMM 
galactose [HIS− URA−] for pKG6 constructs and YMM galactose [LYS− HIS−] for pRS317-YDJ1) and incubated at 23 °C (left panel), 
30 °C (middle panel), 34 °C (right panel). Cells expressing Ydj1 or functional equivalents should be capable of growth at 30 and 34 °C. 
The plasmids introduced into the S. cerevisiae JJ106 are indicated above each panel indicating the growth pattern for each transformant. 
The complementation experiment was conducted at least twice and found to give consistent results.  
 
 
Fig. 6. 
Detection of Tcj2 production in S. cerevisiae JJ160[pKG6/Tcj2]. The production of Tcj2 in the S. cerevisiae JJ160[pKG6/Tcj2] was 
confirmed by Western analysis and chemiluminescence-based immunodetection with the antibody to a C-terminal region of Tcj2. Cell 
extracts of S. cerevisiae JJ160, S. cerevisiae JJ160[pKG6/Tcj2] and purified His-Tcj2 (3 µg) were analysed. The arrow indicates Tcj2. 
(A) Coomassie stained SDS–PAGE; (B) Western analysis. Lane M, molecular mass markers. The Western analysis experiment was 
conducted at least twice and found to give consistent results.  
4. Discussion 
4.1. His-TcHsp70 has a high basal ATPase activity, stimulated by His-Tcj2 
The majority of Hsp70s have low basal ATPase activities, which are stimulated significantly by the presence of 
co-chaperones to promote Hsp70/Hsp40 mediated protein folding. Previous work on the in vitro ATPase activity 
of GST-TcHsp70 indicated that the protein possessed a basal activity significantly higher than that of other 
Hsp70s described (Table 1; Olson et al., 1994). The ATPase activity of GST-TcHsp70 was determined by Olson 
and coworkers as 520 nmol/min/mg, 100-fold higher than the activity determined for recombinant human GST-
Hsp70 in the same study (5.2 nmol/min/mg; Olson et al., 1994). This ATPase activity of GST-TcHsp70 was 
approximately 10-fold higher than that determined for His-TcHsp70. Interestingly, the ATPase activity reported 
for human GST-Hsp70 was approximately 10-fold higher than that reported for untagged human Hsp70 by 
Chamberlain and Burgoyne (1997). It was possible that this increase was due to the presence of the GST fusion 
tag. GST is known to dimerise under physiological conditions, which could alter the apparent basal ATPase 
activity of an Hsp70 to which it is fused. However, one cannot exclude the possibility that the GST tag had no 
significant stimulatory effect on an already very high ATPase activity of TcHsp70, and that His-TcHsp70 had a 
lower (yet still relatively high) activity due to an inhibitory effect of the His tag. The high basal ATPase activity 
of TcHsp70 found by our studies and those of others ( Olson et al., 1994) suggest that ATP hydrolysis and/or 
nucleotide exchange may not be as rate limiting for the interaction with substrate as is found for other Hsp70s.  
Maximal stimulation of the basal ATPase activity of His-TcHsp70 was observed in the presence of His-Tcj2 and 
the model protein substrate RCMLA. Stimulation of Hsp70 ATPase activity is specific and is modulated via 
interaction with a partner Hsp40 and substrate binding. Maximal ATPase activity stimulation of most Hsp70s has 
been shown to occur in the presence of both substrates and a co-chaperone, but not in the presence of substrate 
alone (Laufen et al., 1999). Although His-TcHsp70 was found to have a high basal ATPase activity, the fold 
stimulation (1.5) in the presence of His-Tcj2 and RCMLA was comparatively low ( Table 1). This differs from 
most other Hsp70s, which exhibit a low basal ATPase activity that was stimulated significantly by the presence of 
a partner Hsp40 and a suitable substrate. The basal ATPase activity of bovine Hsc70 and its stimulation by co-
chaperone was included as a comparative control. Hsc70 was found to have a low basal ATPase activity 
consistent with the published literature ( Table 1; Chamberlain & Burgoyne, 1997). In addition, the basal ATPase 
activity of Hsc70 was stimulated 14-fold by Tcj2, while there was no significant stimulation by Tcj1. 
Interestingly, previously it was found that the basal ATPase activity of Hsc70 was stimulated 13-fold by an 
Hsp40 homologue, the cysteine string protein ( Table 1; Chamberlain & Burgoyne, 1997). Therefore, the lack of 
stimulation of the basal ATPase activity of TcHsp70 by Tcj2 and RCMLA may have been due to a masking effect 
of the already very high activity, and because RCMLA was not an ideal substrate for TcHsp70. This is not the 
only report of an Hsp70 with a high basal ATPase activity. The recent investigation of the specialized E. coli 
Hsp70, HscC, showed that this protein also had a higher basal ATPase activity than that of other reported Hsp70s. 
The high basal ATPase activity was proposed to be the result of a high nucleotide exchange activity (Kluck et al., 
2002).  
The slight stimulation of the TcHsp70 ATPase activity in the presence of Tcj1-His alone could be due to Tcj1-His 
acting as a substrate for His-TcHsp70. Although the model substrate, RCMLA, did not stimulate the ATPase 
activity of His-TcHsp70, it could be that Tcj1-His, being of trypanosomal origin, was a more homologous 
substrate for His-TcHsp70. Tcj1-His was purified under denaturing conditions and so a portion of the protein may 
be unfolded even after renaturation. This unfolded portion may be capable of acting as a substrate for His-
TcHsp70. This would explain the lack of stimulation by Tcj1-His in the presence of RCMLA, a competing 
substrate. This lack of stimulation of ATP hydrolysis by His-TcHsp70 in the presence of Tcj1-His was not 
unexpected. The type and number of functional regions contained in an Hsp40 will govern its function (Cheetham 
& Caplan, 1998), with most of the Hsp70 chaperone interactions being modulated by Type I Hsp40s and more 
specific functions mediated by Type III Hsp40s ( Hennessy, Cheetham, Dirr, & Blatch, 2000). Tcj1-His is a Type 
III Hsp40, and therefore not a typical Hsp70-stimulating Hsp40. This conclusion is supported by the fact that Tcj1 
was unable to stimulate the basal ATPase activity of Hsc70. The two proteins may form a physiological 
partnership to fulfill a function within the parasite that it not dependent on ATP hydrolysis. The basal ATPase 
activity of TcHsp70 may be sufficient to accomplish this potential Tcj1 mediated task. Alternatively, Tcj1-His 
may influence the ATPase activity of TcHsp70 in the presence of a more specialised substrate.  
4.2. Tcj2 can complement for the absence of S. cerevisiae Hsp40 Ydj1 but not Sis1 
The inability of S. cerevisiae WY26[pKG4/Tcj2] to grow in the presence of 5-FOA suggested that Tcj2 was not 
capable of functionally replacing Sis1, and therefore Tcj2 was not a functional equivalent of Sis1. Sis1 is a Type 
II J protein, containing only the J domain and G/F region, while Tcj2 by contrast is a Type I Hsp40, containing 
the J domain, G/F rich region and cysteine repeat region. This makes the two proteins structurally and, potentially 
functionally, distinct. In addition, work by another group has shown that Tcj6, a Type II Hsp40 from T. cruzi, can 
complement for the absence of Sis1 (Salmon et al., 2001).  
Tcj2 was capable of complementing for the absence of Ydj1, rescuing S. cerevisiae JJ160 from temperature 
sensitivity. This may suggest that Tcj2 was a chaperone/co-chaperone and may perform similar functions or 
interact with similar proteins as does Ydj1. Differences in expression levels was the most likely explanation for 
the finding that S. cerevisiae JJ160 cells expressing Tcj2 grew better at the non-permissive temperatures than 
cells expressing Ydj1. The alignment of the primary sequences of Tcj2 and Ydj1 revealed that the proteins show a 
significant level of amino acid identity and similarity (Fig. 7). The similarity between Tcj2 and Ydj1 is displayed 
throughout the sequences and not confined to certain motifs. The J domain facilitates the transient interaction of 
Hsp40 proteins with their partner Hsp70s (Gassler et al., 1998; Genevaux, Schwager, Georgopoulos, & Kelley, 
2002; Greene, Maskos, & Landry, 1998; Suh et al., 1998; Suh, Lu, & Gross, 1999) and is proposed to be involved 
in the stimulation of ATP hydrolysis activity of Hsp70 to facilitate chaperone function ( Hennessy et al., 2000 and 
Kelley, 1999). The cysteine repeats are involved in the binding of denatured protein substrates and can itself 
prevent protein aggregation ( Banecki et al., 1996; Caplan, Cyr, & Douglas, 1993; Lu & Cyr, 1998; Martinez-
Yamout, Legge, Zhang, Wright, & Dyson, 2000; Szabo, Korszun, Hartl, & Flanagan, 1996). These substrate 
binding regions of Hsp40s are often functionally distinct and tailored for the recognition of precise substrates ( 
Johnson & Craig, 2001). The similarity between the N-terminal regions of the two proteins was expected, as this 
area constitutes the J domain, which was a conserved motif found in all Hsp40s, not all of which have similar 
functions. The conservation of sequence suggests that the J domain of Tcj2 may be similar to the J domain of 
Ydj1 and may be able to interact with the partner yeast Hsp70 of Ydj1 (Ssa1). The similarity between the C-
terminal regions of Tcj2 and Ydj1 was also significant. The G/F rich regions of the two Hsp40s are similar. The 
similarity between the cysteine repeat regions of Tcj2 and Ydj1 suggested that Tcj2 may be able to bind 
substrates normally bound by Ydj1. Both Ydj1 and Tcj2 contained a deviation from the consensus sequence 
(CxxCxGxG) in the final cysteine repeat region ( Fig. 7, arrow). Previous work indicated that the C-terminal 
regions of yeast Hsp40 were essential for the functioning of the Hsp40s in S. cerevisiae (Johnson & Craig, 2001). 
Both of the Hsp40s contain the C-terminal CaaX motif (where C is cysteine, ‘a’ is an aliphatic amino acid and X 
is any amino acid) which is the site of potential protein prenylation ( Glomset, Gelb, & Farnsworth, 1990; 
Marshall, 1993). This modification increases the hydrophobicity of the protein, promotes association with 
intracellular membranes and influences interaction with other proteins ( Kanazawa, Terada, Kato, & Mori, 1997).  
 
 
Fig. 7. 
Alignment of the primary amino acid sequences of Tcj2 and Ydj1. Comparison of the amino acid sequence of Tcj2 and Ydj1 reveals a 
significant identity and similarity between the two primary amino acid sequences, in both the J domain (residues 1–70,) and C-terminal 
regions. The positions of J domain, G/F rich region and cysteine repeat region are indicated (underlined). The highly conserved HPD 
motif in the J domain is underlined as is the C-terminal prenylation site (CaaX) and the cysteine repeats. Both Tcj2 and Ydj1 have a 
deviation from the consensus sequence (CxxCxGxG, where X is any amino acid, usually a charged or polar residue) in their final 
cysteine repeat region. Instead of a glycine, Tcj2 has a glutamine and Ydj1 has a lysine (indicated with an arrow). Black shading 
indicates identical residues, while grey shading indicates similar residues. The alignment was performed using the program ClustalW 
(Corpet, 1988) and shaded manually. PubMed accession codes: Tcj2 protein sequence AAC18895; Ydj1 protein sequence CAA39910.  
 The sequence similarity between Tcj2 and Ydj1 was consistent with the ability of Tcj2 to complement the Ydj1-
deficient S. cerevisiae JJ160. The low levels of production of Tcj2 in cell extracts of S. cerevisiae 
JJ160[pKG6/Tcj2] as determined by Western analysis suggests that Tcj2 in itself and not over-production of a 
potential chaperone was responsible for the complementation of S. cerevisiae JJ160. The inability of Tcj2 to 
complement for the absence of Sis1 supported the proposition that Tcj2 is potentially a Ydj1 functional 
equivalent, even though Sis1 and Ydj1 have some functional overlap within the yeast cell. The presence of Sis1 
was shown to overcome the temperature sensitivity of S. cerevisiae JJ160, but Ydj1 cannot complement for the 
absence of the essential Sis1 in S. cerevisiae WY26 (Johnson & Craig, 2001). If Tcj2 was a Ydj1 homologue, as 
suggested by the S. cerevisiae JJ160 complementation, it would not be expected to complement for the absence of 
Sis1. If Tcj2 was a Sis1 homologue, it could potentially complement for the lack of Ydj1 in S. cerevisiae JJ160 
and the lack of Sis1 in S. cerevisiae WY26. While Ydj1 and Sis1 share functional similarity, in that both of their J 
domains can interact with Ssa1, it is their substrate binding domains that govern their particular functions within 
the yeast cell (Johnson & Craig, 2001). The lack of complementation of S. cerevisiae JJ160 by Tcj3 suggested 
that this protein could not function as a Ydj1 homologue. However, one cannot exclude the possibility that the 
lack of complementation was due to lack of (or reduced) production of Tcj3 protein in S. cerevisiae JJ160. 
Nevertheless, these data do not exclude the possibility that Tcj3 is a co-chaperone for TcHsp70. The lack of 
purified His-Tcj3 restricted any analysis of its ability to interact in vitro with His-TcHsp70 as a co-chaperone.  
Taken together, our data suggested that Tcj2 was involved in cytoprotection in a similar fashion to Ydj1 and that 
TcHsp70 and Tcj2 may interact in the ATP/ADP-regulated process of chaperone-assisted protein folding. Further 
studies are underway to test whether TcHsp70 and Tcj2 collaborate in in vitro assisted protein folding assays, to 
determine the molecular basis for the Ydj1 complementation by Tcj2, and to characterize any potential in vivo 
interactions of Tcj2 and TcHsp70 in T. cruzi cells.  
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